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ABSTRACT

The SuperNova Acceleration Probe (SNAP) project proposes to make highly statis-
tically significant, low systematic error measurements of dark energy. The primary focus
of the mission is observations of high-redshift supernovae, but the satellite is also well
designed to make other, complementary probes of dark energy, including weak lensing
cosmic shear and the evolution of the abundance of galaxy clusters.

In this paper we overview the weak lensing and cluster abundance methods as part
of a wide area survey using the parameters set by the proposed Snap mission. We
show the sensitivities to dark energy as a function of survey area and depth within the
parameters set by the SNAP mission hardware. Our primary result is that a survey
of 1000 sqg-degrees will allow these probes to determine the dark energy equation of
state with a precision comparable to that of the supernovae survey. Importantly, the
wide-area survey and the supernovae survey will be subject to completely independent
systematic errors, making the combination far more powerful than each survey alone.

The SNAP supernova survey is deep and narrow (15 square degrees) and the resulting
stacked image will be very deep. The SNAP collaboration is in addition considering a
shallower, but broader wide area survey. We work out a design matrix of options for
this survey, and conclude that a 10 month, 1000 sq-degree program is feasible within
the primary science aim of the SNAP mission, and will result in three independent
methods of measuring the equation of state of dark energy and its time variation. The
parameter sensitivities of each method differ so the joint constraints derived will be
much tighter than achievable with any one method alone. Understanding the nature of
the dark energy is critical for progress in fundamental physics and therefore demands
that we bring to bear multiple techniques.
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1. Introduction

The particle physics/cosmology frontier— In 1983, the Theoretical Astrophysics Group was
established at Fermilab to explore the fertile connections between high-energy physics and the
early Universe. In the intervening twenty years, these connections have deepened and have begun
yielding to experimental tests. In 1991 the Experimental Astrophysics Group was established to
work on the Sloan Digital Sky Survey (SDSS), its aim to measure the large scale structure of the
Universe and thereby probe the dark matter. The SDSS has been a spectacularly successful project,
yielding new insights into large-scale structure, the most distant quasars, the thermal history of the
Universe, and the structure of our own galaxy. More recently, Fermilab joined the Cold Dark Matter
Search (CDMS) experiment to directly detect particle dark matter, a signature of supersymmetry,
from the Milky Way. The Lab is also involved in the Pierre Auger Observatory to measure the
highest energy cosmic rays (UHECR). Now, Fermilab is positioned to pursue the most remarkable
discovery of the particle physics/cosmology frontier: the bulk of the energy density in the Universe
is in an unknown, exotic form, known as dark energy. A key element linking these phenomena—
dark matter, UHECR, and dark energy—is that they almost certainly point to physics beyond the
Standard Model.

Dark energy— In 1998, two independent groups (The High-z Supernova Search, Garnavich et al.
(1998); Riess et al. (1998); Schmidt et al. (1998), and the Supernova Cosmology Project, Perlmutter
et al. (1999)) measured the brightnesses of distant supernovae and found evidence that the expan-
sion of the Universe is accelerating rather than decelerating. This discovery implies that the energy
density of the Universe is dominated by an unknown, negative pressure component, now called
dark energy, characterized by an equation of state, w = p/p, with w < —1/3. Confirming, but
indirect, evidence for dark energy comes from measurements of the cosmic microwave background
anisotropy, which point to Q;; = 1 (where Q is the density of some mass component relative to
the critical density for a flat Universe), and large-scale galaxy surveys which indicate Q,, = 0.3
in “ordinary” (mostly dark) matter. There must be a ‘missing energy’ component with Q = 0.7;
in order for galaxies to have formed, the missing energy must have come to dominate at very late
times, implying w < —1/2 (see Carroll (2001); Peebles and Ratra (2003) for reviews). It is also
possible that the dark energy signifies not a new energy component but a modification of Einstein’s
General Relativity at large distances—in either case, the consequences for fundamental physics are
profound.

A cosmological constant—traditionally interpreted as the energy associated with the vacuum—
is the simplest possibility for dark energy: in this case, the vacuum energy scale is of order 1073
eV and the dark energy equation of state w = —1. However, particle physics theory, including
string theory, indicates that the energy scale of the vacuum should be at least of order the super-
symmetry breaking scale, fifteen orders of magnitude higher. In the absence of an explanation for
this discrepancy—known as the Cosmological Constant problem—some have speculated that a new
symmetry or dynamics may suppress the true vacuum energy scale or set it to zero. In this case,
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the dark energy may be a sign that the Universe is not yet in its ground state, and it could have
an interesting dynamics. In such dynamical dark energy models (Frieman et al 1995) (also called
‘quintessence’ models), the equation of state parameter w may differ from —1 and is generically
expected to evolve with time.

In this situation, it is clear that progress in understanding the nature of the dark energy requires
more precise experimental determination of its equation of state. Fortunately, there are excellent
prospects for developing and maturing complementary cosmological probes of the dark energy
over the next decade. They include (a) deeper, larger supernova surveys with much improved
control of systematic errors, (b) high-precision measurement of weak lensing cosmic shear, and
(c) measurement of the evolution of the abundance of galaxy clusters. These probes have three
successive aims: (i) to provide direct evidence for acceleration, to confirm the current supernovae
results, (ii) to determine the equation of state w with sufficient precision that the cosmological
constant (w = —1) can be reliably distinguished from the current upper bound of w = —0.8, and
(iii) to measure the time evolution of w.

SNAP— SNAP is a proposed satellite equipped with a 2-meter telescope, wide-field optical and
near infrared imaging cameras, and an integral-field spectrograph, designed to measure lightcurves
and spectra for thousands of supernovae out to redshifts z = 1.7. While the SNAP satellite is
primarily designed to exploit the full potential of supernovae as precision probes of the dark energy,
the hardware requirements of the supernova search also make it well suited to address dark energy
through the complementary methods of weak lensing and cluster counts. These alternative methods
are experimentally less mature as dark energy probes but are increasingly seen as quite promising.
The SNAP wide field survey, in current concept covering 300 square degrees, is an addition to the
SNAP 16 square degree deep supernova survey and is aimed in particular at measuring cosmic
shear and thereby constraining w. This prospect raises questions which this document attempts
to address: (i) Is SNAP the right mission to implement the cosmic shear and cluster abundance
probes? In particular, do these measurements require a space mission? (ii) If so, how should one
design the SNAP wide field survey to yield maximum return in terms of dark energy constraints?

Measuring dark energy— Fundamentally, the dark energy impacts cosmological observables by
altering the Hubble expansion rate as a function of time. The expansion rate history determines the
distance to an object as a function of its redshift and also the growth rate of density perturbations
as a function of time. While supernovae probe the distance-redshift relation, cosmic shear and
the cluster abundance are in principle sensitive to both the distance measure (through the volume
element as a function of redshift) and the perturbation growth rate. In particular, for a spatially
flat Universe (with Q¢ = 1), the Hubble expansion rate is given by

H?(z)

3 3(14+w
HZ = Qu(1+2)* + Qpp(l + 220+ (1)
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where Hy = 7248 km/sec/Mpc, €2y, is the present density of “ordinary” matter, Qpg is the present
density of dark energy, and w is the dark energy equation of state (for illustration, here assumed
to be constant but in general time dependent). The factors (14 z)™ reflect how the densities of the
matter and dark energy components scale with the volume of space; e.g., for a cosmological constant
with w = —1, the vacuum energy density is time-independent. Current observational constraints
show that the dark energy density scales more slowly with volume than the matter density.

Supernovae provide a direct way to map the expansion history H(z). Their attractiveness lies
in their simplicity: type Ia supernovae are nearly standard candles—they have calibratible peak
luminosities that are almost absurdly bright—enabling one to measure the luminosity distance,

dr(z) = (1 +2)r(z), (2)

where 7(z) is the comoving distance to redshift z,

Z dx
r(z) = /0 s (3)

Weak lensing and cluster counting depend on the expansion history in different ways. In addi-

tion to the luminosity distance, the expansion history determines: the angular diameter distance,
da(z) = (L+2)"'r(2), (4)

the comoving volume element at redshift z,

fle) = v = () /H(), )

where () here is solid angle on the sky, and the rate at which cosmological density perturbations

D(z) = meH(z) /0 ’ %dz. (6)

Weak lensing is sensitive to the angular diameter distance (roughly, it probes the angle subtended

grow on large scales,

by features in the matter power spectrum, which correspond to fixed comoving lengths) and to the
density perturbation growth rate. Cluster counting experiments probe the volume element as well
as the perturbation growth function.

Figure 1, from Huterer & Turner (2001), shows the sensitivity of these measures to the dark
energy equation of state parameter w. At small redshifts r(z) is insensitive to w for the simple
reason that all cosmological models reduce to the Hubble law (r = H L2) for z < 1. At z > 2,
there is little sensitivity to w because the dark energy density becomes subdominant compared to
ordinary matter at high redshift. The sensitivities of r(z) and f(z) peak at redshifts around unity.
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Fig. 1.— The relative sensitivity of r(z), f(z), and H(z) to a change in the constant value of w.
The observations that one can make are interpretable in terms of these three functions. This figure
shows how sensitive each is.

Science outline— In this document, we lay out the design considerations and science case for
the SNAP wide area survey, showing how trade-offs in survey area vs. depth impact the dark
energy constraints that can be achieved via weak lensing and cluster counts. Our aim is a wide
survey which provides dark energy probes of comparable or greater precision to the supernovae.
The following sections cover:

e Wide Area Survey Design

e Cluster Abundance: Optical/IR Cluster Counts and the Growth Function

o Weak Lensing

e Non-Dark Energy Science
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2. Cluster Abundance: Optical/IR Cluster Counts and the Growth Function

The chief scientific goal of the SNAP mission is the study of dark energy. A weak lensing survey,
complementary to the supernova program, has been an integral part of the SNAP mission (Kim et
al. 2002), with a significant fraction of the mission devoted to a wide area survey tailored to this
goal. It is just this wide area survey which many researchers at Fermilab are most interested in.
In this section we describe the cluster counting technique, why SNAP is so well suited for it, and
what one can learn from it. We also discuss how to optimize the wide area survey for study of dark
energy with cluster counting.

Cosmology with galaxy clusters— Galaxy clusters are the largest gravitationally bound ob-
jects in the universe, and they can be identified over a wide range of distances, which makes them
attractive objects to use as cosmological probes. Galaxy clusters form from small density perturba-
tions in the early universe that are gravitationally unstable and eventually collapse to form bound,
virialized systems. The growth of clustering is hierarchical, with small clusters forming first and
large clusters later. The rate at which clusters can grow depends on the fractional amount of dark
energy in the universe at any time - in a universe dominated by dark energy, the growth of structure
is slower than in one dominated by matter. In the past the universe was dark matter dominated,
and cluster formation was vigorous. The equation of state of dark energy determines how long this
phase lasts. For example, the redshift at which dark matter was 70% of the total density (versus
its current 30% today) is 0.7 if w = —1 but is 1.5 if w = —0.6. The dependence of growth rate
on dark energy has a direct impact on the number of galaxy clusters that we see as a function
of redshift, as does the effect of dark energy on the relationship between redshift and distance to
a cluster. SNAP will be able to detect clusters to redshifts of 2 and higher and will sample the
universe at the time of transition from dark matter to dark energy domination. The dependence
of the number of clusters as a function of redshift will reflect the signature of this transition.

Galaxy clusters are most easily detected by optical means, but they can also detected by other
techniques by virtue of their being filled with a hot, ionized gas at a temperature of order 108
K. This gas can be detected at Xray energies by measuring the thermal emission from the gas
or at radio wavelengths by observing the distortion of the microwave background due to electron
scattering as microwave photons pass through the cluster gas (an effect known as the Sunyaev-
Zel'dovich effect). Both techniques have been proposed as the basis of experiments to count galaxy
clusters to high redshift and measure cosmological parameters, including w (Wang & Steinhardt
1999; Haiman et al. 2001; Levine et al. 2002). We propose that one can alternatively use optical
methods to detect and count clusters. Optical techniques have largely been ignored in the past
due to difficulties with forerground and background projections. We will show that by using the
high quality photometry from SNAP not heretofore considered, one can detect clusters much more
cleanly than previously assumed, and that optical techniques offer advantages over the Xray and
SZ methods.
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In the next section we outline the basis for the experiment. In the following section we de-
scribe the experiment in more detail. In the succeeding sections we compare the advantages and
disadvantages of the optical, Xray, and SZ experiments relative to each other.

2.1. The Experiment

Theoretical Basis— The most straightforward way to characterize a distribution of galaxy clus-
ters is to construct a cluster mass function that is a function of redshift: dN/dMdz, where N is the
number of clusters per mass M and per redshift interval z, integrated over some area of the sky.
The classic theory for predicting this function is due to Press & Schechter (1974), who derive an
expression for this function in a scale-free hierarchically clustering universe. This theory makes a
number of simplifying assumptions to bypass the complex processes involved in nonlinear dynamics,
but it does provide physical insight into the cluster formation process. At a fixed time, the mass
function is characterized by a power law in mass for low mass clusters and an exponential fall-off for
high mass clusters, with a characteristic mass M, that has a collapse time of order the age of the
universe at that time. As the universe evolves, the shape of the mass function stays the same but
M, shifts to higher mass. The magnitude of the shift depends on w, Qpys (the fraction of density
today in dark matter) and €, the total density of the universe today. To keep the discussion
tractable we will assume that the latter two parameters are constrained by other observations of
the cosmic microwave background and the local universe. In practice one can also measure Qpys
from the cluster counts.

The Press-Schechter function falls somewhat short in matching the clustering process predicted
by n-body simulations, mainly in that it overpredicts the number of low mass clusters and under-
predicts the number of high mass clusters. Jenkins et al. (2001) have carefully analyzed clusters
produced in a series of simulations and derived a more accurate function that better describes the
mass function. This function retains the property of the Press-Schechter function that it depends
on a single scale mass:

dn — _0.315 chnLO dO'M e*‘0~61*l”(Dz0'M)|3‘8 (7)
dlog M Moy dlog(M)

where n is the space density of clusters in the range log(M)+dlog(M), M is the mass of the cluster,
pe is the critical density, 2, ¢ is the total mass density of the universe in units of critical at z = 0,
o is the variance of mass on scales of mass M, and D, is the linear growth function.

We do not observe the density of clusters directly, but rather the number of clusters per
increment in redshift Az. There is sensitivity to w in this conversion of n from Mpc™ to a surface
density as it requires knowing the volume between two redshift shells:

V= o /Zl r2(2)/H(z)dz (8)
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Fig. 2.— Mass function of galaxy clusters versus redshift for two different redshifts and three
different values of the parameter w
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The combined effects of cluster growth and volume element dependence on w determine the prop-
erties of the cluster mass function. Figure 2 shows mass function predictions at z = 0 and for three
values of w at z = 1.5. The main effect of changing w from -1 to -0.2 is that the number of low
mass clusters decreases and the number of high mass clusters increases at high z.

The current value of M, is estimated to be 2.7 x 1013h~! My, where h is the current value for
the Hubble constant in units of 100 km s~ Mpc™!.

Data set— SNAP will produce two major datasets: the deep survey, that repeatedly images two
7.5 square degree fields for the supernova search, and the wide field survey, that will cover an area
of 300 square degrees to a depth slightly greater than that of one pass of imaging of the deep survey.
We will use the wide field survey for counting galaxy clusters. The baseline plan for the wide field
survey calls for imaging a set of fields in each of the 9 SNAP filters with an exposure time per
filter of 2000 seconds, longer than the 1200 seconds per exposure of the supernova survey. These
exposures will detect point sources to AB! = 28 (50) and galaxies to AB = 26.5 (100).

Cluster detection— The imaging data will be processed to provide a catalog of stars and galaxies
with parameters that include positions and fluxes in all 9 filters. At the sensitivity of SNAP, it is
expected that the vast majority of objects will be galaxies. The galaxy catalog will be analyzed
using the maxBCG technique to create a catalog of galaxy clusters. The maximum redshift to
which galaxy clusters can be detected depends on both the limiting sensitivity of the experiment
and the wavelength coverage.

The maxBCG technique is described in detail in section 9.2, and only a summary is presented
here. The technique relies on two properties of galaxy clusters: first, the brightest galaxy in the
cluster (BCG) has a luminosity and a color that is roughly the same in every cluster (there is a
population dispersion of 0.5 magnitudes in luminosity and 0.04 magnitudes in color), and second,
there is a population of red galaxies that all have the same color as the BCG (after taking into
account a small color-luminosity relation). Given these two facts, one can search for clusters in a
galaxy catalog by calculating the likelihood that any given observed galaxy could be a brightest
cluster galaxy at redshift z just by predicting the magnitudes and colors of the mean population
redshifted to that z, and by looking for the red population at that z about the candidate. A side
product of the cluster search are two very useful quantities: a very precise and accurate photometric
redshift (accuracy of ~ 0.015) and a count of the E/S0 galaxies in the cluster, N4, which scales
with mass. Figure 3 shows a picture of a rich cluster, illustrating the uniformity of color of the
vast majority of its members. Figures 4 and 5 illustrate just how much more information there is
in space based images.

! AB is a magnitude system as opposed to a filter, such as R. Here AB indicates that any filter in the AB system
through which an object has as the given magnitude and which is used by SNAP will have the given S/N
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Fig. 3.— Image of the galaxy cluster Abell 1689. Note the large number of galaxies of uniform
color. This is a full SDSS image, 0.22 degree x 0.15 degree.

The maxBCG technique will be tailored to best utilize the SNAP filter set. The reference filter,
in which fluxes are measured, must be completely longward of the H+K break in the elliptical galaxy
spectrum at about 4022 A. Based on an analysis done with a preliminary prescription for the SNAP
filter set, we find that the maximum redshift meeting this condition is 2.4.

The limiting flux is set by the condition that we wish to measure colors to high accuracy, 3%
or better. The intrinsic spread in colors of red cluster galaxies is known to be extremely small
(4% or less, Bower, Lucy, & Ellis (1991)), so accurate colors allow one to identify and measure
the content of clusters more precisely. For computational purposes we measure the color using two
SNAP filters that, in the rest frame of the galaxy, fall on either side of the H+K break at 4022 A.
The S/N ratio of the color measurement is dominated by the short wavelength filter, and a simple
calculation shows that the S/N ratio of the flux measurement in this band should be at least 40.
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The S/N ratio has been computed for a 1/2 L,? galaxy (the faintest object measured by maxBCG)
using standard parameters for the SNAP telescope and detectors and a w = —1 cosmology. The
luminosity of red galaxies is known to evolve in time (Schade et al. 1999). For this calculation, it is
assumed that galaxies increase in brightness by 1 magnitude to a redshift of 1 but are constant after
that; the exact dependency for higher redshifts has not been measured yet, and the assumption of
constant brightness is likely pessimistic.

The apparent magnitude and S/N ratio at different redshifts is shown in Table 1 for two sets
of exposure times corresponding to the deep and wide surveys.

Calibration— Theoretical models and simulations of the universe track mass, which is primarily
in the form of collisionless dark matter whereas the maxBCG technique detects galaxies. The
relationship between the two is not straightforward: galaxies form from dissipative baryonic matter
and thus tend to sit at the centers of halos of dark matter. Not all baryons form galaxies: in clusters,
the process of cluster formation causes much of the baryonic matter to heat through shock collisions
to a temperature of 10% K, preventing it from coalescing into galaxies. Galaxies are not standard
candles: they evolve in time, mainly dimming and becoming redder as star formation ceases.
The conversion between NN,..qand total cluster mass must be calibrated. This will be achieved by
measuring the weak lensing distortion of background galaxies behind each of the clusters detected
by the maxBCG method. The weak lensing signal is proportional to the cluster mass. A weak
lensing experiment to measure cosmic shear is itself a principal goal of the wide field survey, and
the accuracy needed to measure cluster masses is much less than that needed for the shear-shear
measurements that the weak lensing experiment will itself measure.

Figure 6 shows the results from the SDSS survey calibrating the relation between N,.qand

2L, refers to the characteristic galaxy luminosity in a Schechter function fit (power law plus exponential high-L
cutoff) to the luminosity distribution. M31 is about an L, galaxy, the LMC is < 0.5L,.

Table 1. Galaxy Cluster Sensitivity Limits. (w = —1)

Redshift  Apparent Magnitude Signal /Noise Signal /Noise
(blue filter) (1170 sec exposure) (2000 sec exposure)

0.5 214 163 214

1.0 22.5 88 116

1.5 23.3 53 71

2.0 23.9 45 60

24 24.2 35 45
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Fig. 4.— A cutout of the core of A1689 from the the SDSS image. This is the same scale as in
figure 5

a parameter that measures cluster mass for nearby clusters. The calibration is expected to be
a function of redshift, so the WAS data will be analyzed to determine this function. It should
be noted that other experiments to measure dark energy, aside from the weak lensing experiment
itself, do not have the capability of calibrating their “standard candle” (be it supernovae, Xray
temperature, or SZ decrement) as a function of redshift.

It is worth noting that the various bins in figure 6 have roughly constant signal to noise. This
can be shown to be generic: in a weak lensing program where one stacks all the objects from a
given mass bin, the signal and noise are

S o M and N x #;1/2 (9)

where #, is the number of background galaxies. Now, #, o #.r? where r takes into account the
fact that less massive clusters are smaller. This size may be estimated via virial relations: r « o,

and the mass of a cluster M o< 03 (e.g., Borgani et al (2001)). The number of clusters #. we know

from maxBCG investigations to be #. ocN,eq >, in linear binning. We can take M ocN,.q without
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Fig. 5.— An image of the core of A1689 taken with HST. This image has depth and resolution
comparable to that SNAP will achieve, and is at the same scale as in figure 4. (HST courtesy of
NASA and the PI, N. Benitez.)

being far wrong, leading to:
H#g o Fer® o MEINMPE o M8, (10)

and thus to
S/N oc M/4#;"* o« M/M** o< M~04 (11)

This weak dependence on M is the suggestion that measurements of the mean cluster in a N,¢q
bin will have roughly constant signal to noise across the range of N,.s. It took about 30,000
background galaxies spread over areas corresponding to circles of radii 1 Mpc at the cluster to to
make an accurate weak lensing measurement on the 42 z ~ 0.15, 10 M SDSS clusters in Sheldon
et al. (2001). In the Wide Area Survey the surface density of galaxies with photo-z indicating
z > 2.5 is & 14 galaxies/sq-arcminute, so at our limit of z = 2.4 would require about 40 clusters
of the same mass to achieve the same signal. This suggests that a) we will be able to calibrate the
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Fig. 6.— Calibration of cluster mass measured by weak lensing vs. number of galaxies counted
by maxBCG. The mass of a cluster is parameterized by the velocity dispersion of an isothermal
sphere; the mass is defined to be that which is inside the radius where the mean interior density
is 200 times the critical density of the universe. The data for this plot are from Tim McKay’s
Michigan group, and is to be regarded as preliminary, as it was measured using the SDSS EDR,
only 400 sq-degrees of data.
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N,q-mass relation at the high mass end at z = 2.4, and thus that we will be able to calibrate the
N,cq-mass relation over the entire V,.qrange and for all z at 0.2 < z < 2.4.

Analysis— Figure 7 shows an analysis of cluster counts from a portion of the SDSS survey and
illustrates how the different steps described above are combined.

A full analysis of the SNAP data will be done using a maximum likelihood technique and has
not been simulated yet. However, the main sensitivity of the wide area survey to dark energy comes
through the effect of w on the number of high mass clusters as a function of z. If one could calibrate
observations cluster masses perfectly, it would be straightforward to compare counts of clusters at
low and high redshift. However, the accuracy of the estimate of w depends sensitively on errors in
the mass calibration. For example, if one counts clusters more massive than 8 M, (which are typical
of Xray clusters), an error in the mass calibration of 10% produces an error of 0.3 in the estimate
of w. The technique used here is to count the clusters into two mass bins and compute the ratio
R =log[N(My < M < M;)/N(M; < M < My)], which roughly measures the logarithmic slope of
the high end of the mass function. This ratio is then averaged over two redshift ranges, and the
difference of the two P = R(zp < z < z1) — R(21 < z < 22) is the parameter used to estimate w.

Table 2 list the number of clusters that are expected for different masses and cosmologies in
two mass and redshift ranges and the parameter P for a 300 square degree survey. The two mass
ranges are 2M, < M < 5M, and 5M, < M < oo, and the two redshift ranges are 0.5 < z < 1.2
and 1.2 < z < 2.

Table 3 give the errors in estimating w from P. Calculations have been done for both 300 and
1000 square degree surveys. Statistical errors are 1o.

Systematic Errors— Table 3 shows that in principle one can make an accurate measurement
of w using galaxy cluster counts. However, this accuracy may be lost if systematic errors are not

controlled.

Table 2. Galaxy Cluster Counts

w  Low-z counts High-z counts P
Ny No Ny No

-1.0 24596 3235 15655 751 -1.01
-0.6 20464 3049 16949 1092 -0.84
-0.2 15347 2678 15536 1488 -0.60
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Fig. 7— An example of the program for 392 square degrees from the SDSS. Plotted here is the
number function, the number of clusters as a function of Ny.4 (on the plot denoted Nyq5), in the
redshift shell 0.1 < z < 0.25. The dotted red line is the prediction, the points with error bars are
the data. The solid green line is the Jenkins mass function, to be referred to the top axis. The thin
dotted vertical line is the lower limit to which clusters are included in the y? fit. Below that one
is clearly incomplete, either because of the algorithm, or because Nature does not produce halos
with red galaxies at those masses. The best fit cosmology is at the top of the plot.
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The first systematic error has already been discussed - that due to an offset in the calibration
of Nyeqvs. mass between low and high redshift. A 10% error leads to an 8% error in w. Experience
with SDSS calibrations of low redshift clusters using weak lensing suggests that this is a reasonable
error to expect.

A second systematic error involves the details of the maxBCG technique itself, which tech-
nically requires a knowledge of cosmology in order to count galaxies in a cluster, since they are
counted inside a metric radius to a predictable limiting magnitude, but the radius and limiting
magnitude are a function of cosmology. The standard technique is to correct the counts iteratively
as part of the process of measuring the cosmological parameters. (Historically, for measuring the
brightnesses of galaxies, this correction has been called the “aperture correction”).

Galaxies evolve in brightness and color with redshift, so the relation between N,.;and mass
will change. This is in principle taken care of by the weak lensing calibration, but it adds an extra
dimension of uncertainty.

Finally, the identification of clusters via optical techniques suffers from the imprecision with
which clusters can be identified. Even in n-body simulations, clusters are not crisply identifiable
entities, since the simulations show that mass is clustered hierarchically on all scales. This in fact
points to a very useful technique: if the simulations are good enough, one can run the cluster finding
algorithm on them just as one does on the real data. This is a very good way of understanding
just what it is finding. One must use algorithms that do the “best job possible” and apply them
uniformly to both the observation and the simulations in order to make meaningful comparisons.

2.2. Comparison with Other Cluster Detection Techniques

Since the Xray and S-Z methods have received the most attention in the literature, it is
informative to compare the strengths and weaknesses of these methods vs. optical detection of
clusters.

The main strength of the Xray and S-Z methods is that they only detect the hot gas in the
centers of galaxy clusters. This hot gas only exists in the highest density regions that have collapsed

Table 3. Errors in w

w error

300 sq. deg. survey 0.091
1000 sq. deg. survey 0.051
10% mass calibr. error  0.083
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and virialized. Such regions are easily identified both observationally and in simulations that include
hydrodynamics. Optical methods, by contrast, are sensitive to all galaxies and structures, including
those that have not yet virialized or that are members of small groups that, in Xray or S-Z, would
be too cool to detect. The maxBCG method focuses on only red galaxies, which are known to be
found primarily in the same regions as the hot gas (implying that the two have a related origin)
but red galaxies are also found outside of these regions. Because optical methods see more of the
“flotsam and jetsam” of the universe, they are sensitive to errors induced by projection effects,
whereby chance alignments of galaxies along the line of sight are mistaken for galaxy clusters. The
maxBCG method takes an enormous step forward in reducing the impact of projection effects by
using color as a redshift indicator. Simulations will need to be done to determine if errors due to
projection effects still linger or are negligible.

The main strength of the optical method is that it is able to detect clusters of much lower mass
than the Xray/SZ techniques, and with SNAP, which means that it will be much less sensitive to
selection biases that the other techniques must understand in great detail. Second, the origin and
evolution of the x-ray gas which both methods detect is not well understood, which make calibration
of these methods especially uncertain. Third, optical techniques immediately measure the redshift
of a cluster, whereas the other two techniques require followup observations; the optical surveys
stand on their own while the Xray/SZ surveys require a full suite of optical data to understand
the detections. Finally, while the S-Z survey can detect clusters almost independent of redshift, an
Xray survey using projected future technology is still limited to detecting clusters to redshift 13,
and then only the most luminous such objects.

Formally, the optical cluster counts presented here give the strongest constraints on w. How-
ever, all three methods are dominated by systematic errors, and these have not been explored at
the level of detail needed to show the superiority of one over the other.

3X-ray sensitivity to clusters falls off like (1 4 2)*, a very strong dependence, due to the combined effects of
dimming and redshift.
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3. Weak Lensing

The weak lensing survey component of SNAP is of interest to researchers at Fermilab for its
stated purposes of weak lensing as well. In this section we describe the weak lensing technique,
why SNAP is so well suited for it, and what one can learn from it. We also discuss how to optimize
the wide area survey for study of dark energy with weak lensing.

3.1. Weak Lensing: What Is It and How Does It Work?

It has been known for nearly a century that light is bent by a non-uniform gravitational field.
This effect has been applied to the images of distant galaxies in order to determine the distribution
of mass between the source an observer on earth. Strong lensing results in severe and obvious
distortions of the source, possibly including multiple images or long arc-like images. Weak lensing
is characterized by small distortions in shape and and sizes of galaxy images. Since the properties
of galaxies are only known on average, weak lensing studies the statistical properties of a large
number of galaxies in order to determine statistical or average properties of the projected mass.
The effects of image distortions can be divided into magnification, rotation, and shear. There is
no method to measure rotation, and although measurement of magnification is possible and can
yield comparable information to shear, we will here only discuss shear measurements, which have
proved themselves with many successful detections. The SNAP mission is especially well suited to
measure weak lensing shear because of its ability to see a large number of distant galaxies with
good imaging resolution over a large area of the sky. The capabilities of SNAP for weak lensing
have been explored by the SNAP collaboration in a series of papers [Rhodes et al. (2003); Massey
et al. (2003b); Refregier et al. (2003b)].

Weak lensing theory— Experimentally, weak lensing is performed by selecting a large number
of galaxies that are bright enough and extended enough so that they we can accurately measure

i;) is the position on the sky. A commonly used

the surface brightness pattern, B(¥), where & =
and compact notation is to use complex number to represent the position on the sky (z = 1 +ix2)
as well as other quantities. One then measures the (complex) 1st and 2nd central moments of the

brightness distribution for each galaxy:
I = /dea:B(:f) My = /d%}’(;p —Z)?B(Z¥) M= /d%‘:‘\x — zZ|*B(%) . (12)

These moments define a complex ellipticity: e = Ms /My, which has two components e; = Re[e] and
ez = Imle]. A galaxy’s scalar ellipticity, |e| = \/e? + €3 € [0, 1], is zero for a circular galaxy image
and unity for a “linear” galaxy, such as an edge on spiral. A graphical illustration of ellipticity
is given in figure 8. Note that the orthogonal direction of ellipticity corresponds to rotating the
galaxy by 45°, in contrast to rotation by 90° which corresponds to multiplying by -1.
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Fig. 8.— An array of ellipses with ellipticity given by e; and eo values at their position.
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Gravitational lensing causes the images of galaxies we see (image on the image plane) to be a
distorted from what one would see if there were no lensing (image on the source plane). The angular
gradient of the lensing deflection angle vector in the sky is called the deformation tensor and the
shear is its traceless symmetric part. The shear has two components and can also be written a
complex number, «. If galaxy shapes are are randomly oriented then one effect of the lensing shear
is to cause an alignment in the lensed (i.e. observed) ellipticities. This alignment can be expressed
in terms of a non-zero expected ellipticity, given by (e) = Py,y where the proportionality constant,
Py, is called the shear polarizability.

We can try to use the measured ellipticities to infer the the shear, constructing an estimator
4 = e/ Py, for each galaxy. If the shear is small then Py, =1 — %<|e|2> ~ 1 since galaxies typically
have a moderate ellipticity, (¢2) ~ (0.3)2. From the measurement of a single galaxy shear estimator

e 2
(397 = (g — oy = D

The error is known as shape noise. The shape noise is ideally uncorrelated between galaxies so

has an error

~ (0.3)2 (13)

one can determine the average shear more accurately using many galaxies, the error going like
6y ~ 0.3/\/#g4, where #, is the number of galaxies used. Since typically v 1072 one needs
ellipticity measurements from > 103 galaxies to detect the shear with S/N of 1.

To quantify the shear pattern one computes (theoretically) or estimates (observationally) either
2-point correlation functions or angular power spectra, here we discuss the latter. One can construct
3 geometrically different versions of these, one is zero because of parity invariance, and the remaining
two are related by rotating the shear by 45°, and are sometimes called “E-modes” and “B-modes”.
If density inhomogeneities produce the shear, as we expect, then the expected B-mode amplitude
is much smaller than the expected E-mode amplitude, and the former provides an excellent probe
of both shape noise and systematic errors. An estimator, C’l, for the E-mode power spectrum is the
final product and this should be compared to it’s theoretical expectation value, C; = (C’l) to infer
properties of our universe.

The expected shear angular power spectrum is given by (for I > 1)

l

2 _Ho_ o
DA,CO(07 Z)v Z)

3 [e'¢)
o :187739121170%/0 (14 2 g 5 ) P 7). (14)
Here z gives the redshift, ), o parameterizes the present dark matter density, H(z) gives the
cosmological expansion rate (Hubble parameter) as function of redshift; Hy = H(z = 0); P(k, 2)
is the power spectrum of dark matter inhomogeneities as a function of comoving wavenumber
and redshift; and B(z) € [0,1] is the lensing efficiency. The comoving angular diameter distance,
Dp co(#1,22), indicates how far and object at redshift zp appears to an observer at redshift z
according to the it’s angular size. The smaller the angular size the further away it appears, the
larger is DA ¢o(21, 22). The lensing efficiency is determined by the redshift distribution of galaxies
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used to measure the shear via the equation

1 [ dNg D co(2, 2g)
= — [ dzg 5 R 15
w>%L Dy (15)

Note that 5(0) = 1 but since galaxies are concentrated at low z it falls off rapidly. A deeper weak

lensing survey, one which includes dimmer galaxies which are further away, will fall off less rapidly,
leading to larger §(z) and larger shear (larger C).

A weak lensing survey which covers a fraction, fgy, of the entire sky can determine the angular
power spectrum in a band of width Al to an accuracy

sn 2
AG_ 1 <1+Cl) ad o= 8 (16)

C \/lAlfSky C 2Ng

where C7" is the shape noise spectrum determined by the number of galaxies per steradian Ng

and the shear error from one galaxy, Ay ~ 0.3. The fq, dependence gives the sample variance,
i.e. how well one has sampled the expected distribution of shears. It is the cosmological average
statistics, and not local values which fluctuate, which give the physical parameters which describe

our universe.

For shallow surveys the shape noise term dominates and one decreases this noise by increasing
the number of galaxies with deeper exposures, which has the added benefit of increasing the signal
because the galaxies are further away. Once the survey gets deep enough that the signal-to-noise
is greater than one, the uncertainty, ACj, saturates due to sample variance and one must increase
the area covered to improve the measure of cosmological parameters. Thus one must go both wide
and deep in order to maximize the cosmological information from a weak lensing survey.

Why is SNAP Good at Weak Lensing?— SNAP makes an excellent weak lensing probe
because it has the capability for an imaging survey which is both very deep and very wide. This
is illustrated in table 4 where one sees that both the galaxy density and area of the survey will be
increased by about an order of magnitude over that which is typical of recent detections of shear-
shear correlations. It is worth noting that this table hides information about the extent sample
variance limits the accuracy and the extent to which uncertainties in the redshift distribution in
the background galaxies affect the measurement. The approach to the latter that SNAP will take
is photometric redshifts, to which it is particularly well suited for accurate photometric redshifts,
particularly because of the IR bands have very high backgrounds in ground based observations.

Weak lensing has always been a relatively imprecise cosmological probe. For example the
accuracy with which weak lensing can measure shear (i.e. mass) correlations is always less than
that which similarly sized surveys can measure galaxy correlations simply because the shear in
magnitude is much smaller than the fractional density contrast: v < dp/p. The advantage of weak
lensing is that what it measures, mass, is more accurately predicted by theory than the galaxy
distribution. We see from fig 9 that even with it’s intrinsic limitations that a SNAP wide area
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Reference Survey Area [(°)?] Galaxy Density [gals/(°)?] Significance

(Bacon et al. 2000) 0.5 5 x 104 30
(Wittman et al. 2000) 1.5 9 x 10% 50
(Van Waerbeke et al. 2000) 1.7 9 x 10% 50
(Wilson et al. 2001) 1.5 8 x 10% 50
(Van Waerbeke et al. 2001) 6.5 6 x 10% 120
(Jarvis et al. 2002) 75 3 x 104 4o
SNAP deep 15 9 x 10° 450

WAS default 300 4 x 10° 2000

WAS fiducial 1000 3% 10° 3500

Table 4: A comparison of existing weak lensing surveys with what can be expected from a SNAP
weak lensing survey. The galaxy densities are for galaxies usable for weak lensing. The “WAS
default” survey listed here is for the default SNAP 300 sq-degree survey strategy. We see that SNAP
brings weak lensing into a regime where it can be used as a very precise measure of cosmology.

survey will make weak lensing a very precise probe of cosmology, on par with what is presently
available from CMBR anisotropy studies. Since, in contrast to CMBR, weak lensing primarily
probes a much lower redshift range, it is a complementary probe and much more sensitive to dark
energy which only make its presence known at low redshifts.

Dark Energy and Cosmological Parameters— At the largest scales the average luminosity-
redshift relation probes the propagation of a light beam across the universe and is effected by the
mean density and pressure of the cosmological material. This is the effect used to infer the dark
energy from the shift in Type Ia SNe redshift-luminosity (z-Lapp) relation. According to general
relativity, this can only be caused by a dominant component of matter with a relativistically large
negative pressure. Such matter, known as dark energy, is gravitationally repulsive, and not only
causes the cosmological expansion rate to increase (the acceleration) but also causes a defocusing
of light beams, making objects at a given distance appear smaller in angular size (demagnification),
and thus in apparent luminosity (the z-L,pp relation); or in other words “objects in this universe
are closer than they naively appear”. While the defocusing does not result in a shear of images it
does have a number of effects on the shear which can be measured.

Quantitatively the demagnification by dark energy is the statement that the angular diameter
distances, Da ¢o(21,22) are increased. Since C) depends on Dy ¢o(21,22) (see eq.s 14&15) what
one measures from weak lensing will tell you something about the dark energy. The changes are
quantitative and not qualitative. For example the P(m, z) term means that different features
in the 3d power spectrum will be moved around in [ space, or in other words, will subtend a different
angle as D (0, z) changes. By identifying features in the weak lensing power spectrum and seeing
what angle they subtend one is performing the classical cosmological test of measuring a “standard
rod”, and by doing so one can infer the amount of demagnification, and hence the amount of
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Fig. 9.— The shear angular power spectrum expect to be seen by the 300 square degree SNAP wide
survey (taken from (Refregier et al. 2003b)). The dark blue, green, and red lines are predictions
for different cosmological parameters as indicated; while the thin blue line is the prediction not
allowing for nonlinear clustering of matter. The rectangles give the expected accuracy for the
power in bands including both shape noise and sample variance.
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negative pressure the dark energy exerts. Since the angular diameter distance is exactly what the
SNe measure the two methods can be directly compared and provide a self check.

Another effect which does not come through the angular diameter distance is the growth factor,
i.e. the z dependence in P(k,z). This also depends on the dark energy which, since it is repulsive,
suppresses growth of density inhomogeneities. Since we don’t fully understand nonlinear growth
of inhomogeneities it is possible that on nonlinear scales one cannot really disentangle theoretical
uncertainties from the effects of dark energy. However on linear scales, which we see from fig 9
corresponds to IS 200, one will be able to probe dark energy using weak lensing. The Fermilab
group which has strong research program in both weak lensing and nonlinear clustering should be
able to optimize the analysis so as to avoid contaminating dark energy measurements with growth
factor uncertainties. Furthermore, the wide area survey data itself will itself provide tremendous
information on galaxy clustering and the galaxy mass correlation function, which should allow
progress on constraining models of the nonlinear growth of inhomogeneities.

3.2. Expected Accuracy and Survey Strategy

Since the main goal of the SNAP mission is to measure properties of the dark energy, it is
essential to know how well a SNAP weak lensing survey can measure these same properties. Such
a study has already been carried out in (Refregier et al. 2003b) obtaining results indicating that
weak lensing approaches the accuracy of the SNe. They further conclude that an optimal strategy
for a 5 month survey is gotten with an area =~ 300 sq-degree. As noted elsewhere in this document
both the time alloted and the area are smaller than what one might like for other projects probes of
dark energy such as using cluster counts. Studies here at Fermilab question whether this (default)
survey will really give the best handle on dark energy even from weak lensing.

The main issue is whether or not one can use the very large signal at small scales (see fig 9)
to learn something about dark energy. We have argued that theoretical uncertainties in nonlinear
clustering can be confused with the effects of dark energy. Most of the statistical leverage assumed
by Refregier et al. (2003b) comes from [ ~ 10* corresponding to comoving scales of ~ 100kpc,
which is highly nonlinear. In Refregier et al. (2003b) was voiced the hope that these theoretical
uncertainties could be overcome by numerical modeling in the years prior SNAP’s launch. We are
less optimistic, that the required theoretical accuracy of < 1% can be achieved in a reliable way.
In fact it seems equally plausible that weak lensing studies from a mission like SNAP will exceed in
accuracy numerical modeling over the next decade. If we discount weak lensing information on the
smallest scales because of theoretical uncertainties, and restrict ourself to linear scales, then quite
a different picture emerges for the optimal SNAP weak lensing strategy as illustrated in fig 10.
By limiting oneself to large (linear) angular scales where the shape-noise is small compared to the
sample variance one is lead to increase the area (i.e. the sample) for greater statistical accuracy.
This is in contrast to the case where one uses the smaller nonlinear scales where the signal-to-noise
is small and shape noise dominates. In that case statistical accuracy leads one to make the survey
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deeper rather than wider in order to include more galaxies and thus reduce the shape noise. Of
course this is not the whole story since systematic errors are also liable to be different on these
different angular scales. The smaller signal at [ ~ 200 leaves can be more susceptible to systematic
errors in shape measurements than the relatively large signal at smaller angular scales.

3.3. Systematic Effects

This all sounds very good, but will it really work as advertised? The last section pointed out
theoretical uncertainties in nonlinear clustering which can either be avoided by not using the small
scale lensing data in extracting cosmological parameters, or theoretical progress in the time interval
before or during the survey. There is also the uncertainty in the redshift distribution of galaxies
which can be constrained by photo-z technique. (Huterer 2002) has shown that one does not need
small photometric redshift errors in order to precisely measure the dark energy parameters, but one
does need these errors to be accurately characterized. For example a systematic bias in z-estimators
can lead directly into a systematic bias in w-estimators. The Fermilab group is studying this issue
and it is expected that this will not be a significant source of error in determining dark energy
parameters. People at Fermilab are also studying the first issue, but here we are less confident.

There are also instrumental effects. Let us first note that shear signal on angular scales < 1°
(larger scales statistically contain very little cosmological information) is no smaller than has already
been detected. SNAP should certainly detect weak lensing with very high significance. However in
order to achieve the advertised sensitivity to cosmological parameters one requires that statistical
shape noise remain the dominant error in the estimation of the shear. Sources of instrumental shear
errors introduced by the SNAP telescope and detectors have been studied in detail in (Rhodes et
al. 2003) who conclude that these all can be corrected for to sufficient accuracy if one monitors the
image quality by periodic observations of stars and astrometric sources; and that the image quality
and stability will exceed what can be obtained from ground based observations.
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Fig. 10.— The sensitivity to the dark energy equation-of-state, w, for different survey strategies
using only the linear, | < 200 weak lensing data. Specifically this is F~'/2 where F is the Fisher
information for w evaluated at w = —1, and degeneracy with other parameter may increase the w
uncertainty. The red and blue lines are for a total survey time of 5 and 10 months, while the roman
numerals indicate the survey parameters listed in table 6 (and have been offset slightly where they
overlap). There is practically no dependence on depth but only on survey area, which points to a
larger area survey for better dark energy accuracy.
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4. Non-dark energy Science

As described above, SNAP will be a powerful instrument for constraining dark energy and
related cosmological parameters, via supernovae, galaxy clusters, and weak gravitational lensing.
However, separate from dark energy and cosmology, SNAP as a wide-field imaging survey telescope
will also be an unprecedentedly powerful tool for studying populations of astronomical objects,
particularly galaxies and quasars at high redshifts and faint magnitudes, as well as for constraining
models for the formation and evolution of these objects. In this section we will describe a subset
of such non-dark-energy science of particular interest to the Fermilab SNAP group, specifically
the clustering properties of galaxies and and dark matter and the redshift evolution of galaxy
populations.

4.1. Exploring the Clustering of Galaxies

The wide field survey capability of SNAP offers a unique opportunity to study galaxy clustering
(in addition to mass clustering from weak lensing) and its evolution at high redshifts (z ~ 0.3 — 3).
This is a regime that is particularly interesting for several reasons:

e Little is known about galaxy clustering beyond redshifts of 0.3 or so. There are some mea-
surements of clustering at high z’s from surveys with small fields, such as the Hubble Deep
Field, and studies of Lyman-break galaxies at z ~ 3 (Steidel et al. 1996). Sample variance
generally severely limits the accuracy with which the two-point correlation is measured from
these surveys (Porciani & Giavalisco 2002). SNAP increases the size of previous high redshift
surveys by several orders of magnitude.

e In a universe dominated by dark energy, structure grows slowly. Most of the large scale
structure we see today grows at z larger than about 1, when the dark energy is a subdominant
component of the total energy density of the universe. The z > 1 regime is therefore very
interesting from the point of view of studying structure formation in action.

e From the point of view of constraining cosmological parameters, the z > 1 frontier is also
interesting because one can probe the linear power spectrum down to smaller scales (down to
k ~ 1 h/Mpc), because the nonlinear scale is smaller as one goes to higher redshifts. This is
important in testing inflation, because to constrain the inflaton potential, one needs as long
a lever arm as possible in the range of scales probed (Deustua et al. 2001).

A host of interesting cosmological constraints can be obtained from measurements of galaxy
clustering, which will be elaborated below. But first, we need to introduce the statistics that
quantify galaxy clustering, and discuss how one can relate this to the clustering of mass, which is
generally more robustly predicted by theory.
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Measurements of galaxy clustering— The most widely used, and useful, statistics is the two-
point correlation function and its Fourier transform, the power spectrum (Peebles 1980):

§(r) = (g()dg(x + 1)) , PI(k) = / d3reg(r)e” ™" (17)

where the galaxy fluctuation is 64 = (ng — fy)/ny, with ny being the number density of galaxies,
and n, its mean.

Since the galaxy survey in question is a photometric one (no spectroscopic redshifts), the
two-point function can be approached from 2 different directions.

One is to measure the galaxy clustering directly in 3 dimensional angle-redshift space, with
the understanding that the error in the redshift direction is particularly large (Az ~ 0.1). This
creates what is not unlike very large scale finger-of-god redshift distortions. A simpler approach
is to measure the angular correlation (2D analogs of eq. [17]) in coarse redshift bins of Az ~ 0.2.
Given the selection function, this can be inverted to obtain the 3D power spectrum.

Natural extensions of eq. 17 to higher number of points (three-point function, and so on) are
very useful in constraining the nature of galaxy-biasing (i.e. the relation between galaxy distribution
and mass distribution), a subject we will turn to next (Fry 1994, Scoccimarro et al. 2001).

Interpretations of galaxy clustering— The galaxy and mass distributions are generally related
to each other in non-trivial ways, except on sufficiently large scales. We therefore focus here on
the large scale clustering (above the nonlinear scale, which varies from k ~ 1 h/Mpc at z ~ 3, to
k ~ 0.1 h/Mpc at z ~ 0.2).

On large scales, it is expected that the galaxy and mass fluctuations are related in a linear
manner:

By(x) = b3in(2) (18)

where d,, is the mass fluctuation, and b is commonly known as the galaxy bias, or bias for short.
One can think of the above as the lowest order term in a systematic expansion in d,, (Fry &
Gaztanaga 1993). The higher order terms are important in discussions of higher order correlations,
but we will ignore them for simplicity of presentation.

With the linear bias relation, it is clear that the galaxy power spectrum has the same shape as
the mass power spectrum i.e. (§4(21)8y(22)) = b*(6m(21)0m(z2)). In other words, at a minimum
level, galaxy clustering tells us directly the shape of the mass power spectrum on scales above the
nonlinear scale.

In fact, we can do better than that. Higher order clustering can be used to infer b. The
idea works roughly as follows. The galaxy three-point correlation function is related to the mass
three-point function by: (54(21)d4(22)84(x3)) = b3(8m(21)0m(22)dm(23)). On the other hand, it is
well known that gravitational instability, together with Gaussian initial conditions, predicts that
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the (mass) N-point function £y is related to the (mass) two-point function & by {n ~ fév_l,
where the proportionality constant and configuration dependence can be worked out exactly using
perturbation theory. This then implies that

(09 (1) 09 (22)dg(3))
(0g(21)0g(22))(g(x2)dg(x3)) + permutations

1
~ % (19)

allowing us to measure the galaxy-bias directly. In reality, the above expression is modified by the
higher order terms ignored in the linear bias relation (eq. [18]). They, however, do not change
the fundamental conclusion that one can use the higher order correlation functions to measure the
galaxy-bias.

Cosmology from galaxy clustering— There are a host of interesting cosmological constraints
that will come from measurements of galaxy clustering from the SNAP wide field survey.

1. Measurements of the galaxy power spectrum shape as a function of redshift allows us to
infer the evolution of the Hubble parameter. Specifically, features in the galaxy power spectrum,
such as its peak, provide a standard yardstick for measuring angular diameter distances, much like
what supernova do.

2. Using higher order statistics as outlined in the last section, one can obtain the bias of the
galaxy power spectrum, hence allowing us to infer both the amplitude and shape of the mass power
spectrum on large scales. In conjunction with probes such as the microwave background, galaxy
clustering then allows us to measure the primordial spectral index over 3 orders of magnitude in
scale. This is important in constraining the possible running of the spectral index, and the presence
of tensor modes (which contribute to the microwave background but not to the galaxy clustering
signal).

3. The gravitational lensing mass power spectrum together with the galaxy power spectrum
can be used to constrain the galaxy-bias (independent of arguments making use of higher order
correlations). The scaling of the N-point function with the two-point function, as in eq. (19), can
then be used to constrain non-Gaussianity in the initial conditions.

4. An interesting use of the SNAP wide field survey is to cross-correlate the galaxy distribution
with the microwave background. Expected sources of cross-correlation include Sunyaev-Zeldovich
distortions as well as the integrated Sachs-Wolfe effect. The former tells us about the nature of hot
gas around galaxies , while the latter provides a probe of dark energy.

It should be noted that several of the above cosmological constraints can be obtained from
the lensing mass power spectrum as well. Since the galaxy clustering information is there, there is
no reason not to use it in addition to the weak lensing signal to increase the scientific return and
decrease error-bars on cosmological parameters.
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4.2. Galaxy Evolution

The population of galaxies in the universe is comprised of a diverse mix of objects of differ-
ent luminosities, spectral properties, colors, shapes, and sizes. The details of the formation and
evolution of galaxies and of their constituent stars are likewise often complicated and not well un-
derstood, particularly at high redshifts. A large number of imaging and spectroscopic surveys have
been carried out to study galaxy populations and their evolution, but it is important to emphasize
that the SNAP Wide Area Survey will constitute an unprecedented and unique galaxy sample.

Advantages of SNAP— Essentially, SNAP is unique because of its unprecedented combination
of large survey area and sample size, broad wavelength coverage, imaging and redshift depth, and
high spatial resolution. The fiducial 1000 deg? Wide Area Survey is nearly 10 times larger than
the 5 arcmin? area covered by the Hubble Deep Field (HDF) North (Williams et al. 1996), which
has revolutionized galaxy evolution science despite its small size. Moreover, the Wide Area Survey
imaging depth is only modestly shallower (~ 1 mag) than that of HDF, and SNAP also has more
optical filters (6 vs. 4) plus an additional 3 near-IR filters. The SNAP area and size are also very
significant advantages compared to planned Hubble Space Telescope surveys of similar imaging
depth, most notably GOODS, which will cover only 320 arcmin?. Likewise, though ground-based
surveys like LSST will cover more sky (~ 10 deg?), SNAP provides the important dual advantages
of being in space: (1) deep near-IR photometry, which permits unbiased sampling of important
galaxy populations at high redshifts z = 1; and (2) high spatial resolution, which allows detailed
structural and morphological measurements of high-redshift galaxies otherwise not possible below
the atmosphere. Finally, a number of ground-based spectroscopic redshift surveys (VIRMOS,
DEEP) on large 8-10m class telescopes will gather substantial galaxy redshift samples (~ 105
objects) at z < 5, but the depths for the bulk of such samples are several magnitudes shallower
than that of SNAP and the sky coverage is < 20 deg?. In contrast, the fiducial 1000 deg? Wide Area
Survey will gather about 3 x 10® objects to deeper limits (I4p < 26.2), with photometric redshifts
of sufficient accuracy for most galaxy evolution and galaxy clustering applications. In short, the
SNAP Wide Area Survey will provide a combination of area, size, depth, and wavelength coverage
that is unmatched by other samples, either space- or ground-based, for galaxy science studies.

Luminosity Functions and Galaxy Populations— The luminosity function (LF) simply gives
the galaxy number density as a function of galaxy intrinsic luminosity; it is a basic but fundamen-
tally important statistic for the characterization of galaxy populations and their evolution. Galaxy
luminosity functions have been measured in the local universe (z ~ 0.1) from many different redshift
surveys, including very large recent samples (> 10° galaxies) from the 2dF (Nordberg et al. 2002)
and SDSS (Blanton et al. 2003). Likewise, the evolution of the galaxy LF has been probed using
deeper but much smaller samples (typically ~ 10® galaxies), out to redshifts z ~ 4 (e.g., Lilly et al.
1995; Ellis et al. 1996; Lin et al. 1999; Steidel et al. 1999). The LFs of different galaxy populations
are known to differ systematically, depending on galaxy properties such as spectral type, color, and
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morphology. Likewise, the evolution of the luminosity function is observed to depend on galaxy
properties, with strong evolution seen for blue, late-type, star-forming galaxies, contrasted with
modest changes observed for red, early-type, more quiescent objects.

However, existing galaxy samples at intermediate to high redshifts (z ~ 0.3 — 5) are generally
far from large enough to constrain, in detailed quantitative terms, the LF evolution of different
galaxy populations, even for simple parameterizations of luminosity and density evolution in the
LF (Lin et al. 1999). Also, the redshift range z ~ 1 — 2.5 is not as well surveyed as the z < 1 or
even the z ~ 3 — 4 regime, due to the difficulty of the required near-IR observations when carried
out from the ground. Moreover, because of the optical selection technique used, at high redshifts
z 2 2 one samples primarily strongly star-forming objects, the so called Lyman-break galaxies
(LBGs), and one may be missing a substantial population of more normal galaxies which require
near-IR selection (recently found by van Dokkum et al. 2003). Ideally, one would prefer a galaxy
LF sample akin to what the SDSS provides for the local universe, i.e., a sample consisting of a
large number of galaxies (10% or more) with detailed multi-band photometry and well-understood
sample selection effects. The SNAP Wide Area Survey indeed provides this: 3 x 10® galaxies for the
fiducial 1000 deg? survey (Iap < 26.2), with well-calibrated 9-filter optical plus near-IR photometry
that allows unbiased galaxy selection to z ~ 3, and selection of Lyman-break galaxies to higher
redshifts. Although there is generally no spectroscopic redshift data for Wide Area Survey galaxies,
for the LF and other statistics described below, photometric redshifts will provide both necessary
and sufficient redshift information (uncertainties o, ~ 0.05 — 0.2; see §?7). The SNAP Wide
Area Survey should therefore provide thorough and definitive measurements of the evolution of the
luminosity function and other statistics for a broad range of galaxy populations at intermediate to
high redshifts. Fermilab SNAP scientists will use this exceptional data set to constrain models of
the evolution of galaxy populations, as we outline next.

Galaxy Evolution Models and Star Formation Histories— The evolution of the spectral
energy distribution (SED) of a galaxy may be modeled, given some prescription for the time depen-
dence of the star formation rate (SFR) within that galaxy. For example, an elliptical galaxy may
be modeled under the simple assumption that all its stars formed solely in an initial, é-function-like
burst of star formation. In contrast, spiral and irregular galaxies do have ongoing star formation,
and these galaxies need to be modeled with more continuous star formation histories. Once such an
SFR history is specified, the galaxy’s SED evolution may then be predicted, using well-understood
stellar evolution theory, from the luminosity and spectral evolution of the specified population of
stars which comprise that galaxy.

The 9-band optical and near-IR photometry in the SNAP Wide Area Survey then provides the
data needed to constrain such galaxy evolution models and star-formation histories. In particular,
SNAP’s broad wavelength coverage samples the full range from the rest-frame ultraviolet, domi-
nated by younger stellar populations (as in star-forming galaxies), to the rest-frame optical /near-IR,
dominated by older stellar populations (as in elliptical galaxies). See Figure 11 for some examples
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of SED model fits to high-redshift galaxies which have both optical and near-IR photometric data.
Furthermore, because of SNAP’s high spatial resolution, it will be possible to measure the SED as
a function of position within a particular galaxy, and thus to identify separate intra-galactic stellar
populations with different formation histories. Such detailed studies have been carried out only
for a small handful of high-redshift galaxies from Hubble Space Telescope observations, but again,
SNAP will do so systematically for an orders of magnitude larger data set.
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Fig. 11.— Examples of fits of galaxy spectral energy distribution models to three high-redshift

galaxies with both optical and near-IR photometric data. (Shapley et al. 2001)

Quantitative Galaxy Morphology— Historically, galaxy morphologies have been classified us-
ing the Hubble sequence, with elliptical, spiral, and irregular galaxy types. However, such clas-
sifications are usually done by eye and therefore are subject to human bias, and they are also
impractical to carry out for very large samples. Moreover, the Hubble Deep Field (HDF) and
other samples have shown that at high redshifts, increasing fractions of galaxies are no longer ad-
equately described by Hubble type classifications. A number of quantitative morphology statistics
have therefore been developed to address these issues, such as measures of the concentration and
asymmetry (e.g., Abraham et al. 1996; Bershady et al. 2000) of the 2D galaxy light profile, and
fitting techniques which decompose galaxy profiles into disk and bulge components (e.g., Schade et
al. 1999; Simard et al. 2002). Possibly most interesting is the decomposition of galaxy profiles into

a set of 2D basis functions known as “shapelets” (e.g., Refregier et al. 2003a). This technique has
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already been used for generating galaxy image simulations for SNAP weak lensing science trade
studies (Massey et al. 2003b). The shapelet formalism provides a convenient quantitative means for
describing not only the traditional Hubble galaxy types, but also the often complex morphologies
of high-redshift galaxies, which may be characterized by irregular shapes with complicated knots
of star-forming regions. See Figure 12 for an illustration of the use of shapelets to model HDF
galaxies.

Again, the SNAP Wide Area Survey provides an unprecedented sample for quantitative galaxy
morphology studies, most importantly in terms of the high spatial resolution (SNAP point spread
function FWHM = 0.15") required to accurately measure the sizes and morphologies of the often
small objects which comprise the high-redshift galaxy population. SNAP will therefore permit
definitive measurements of the evolution of the joint distributions of morphologies with other prop-
erties such as luminosities and SED types. These quantitative morphology studies will serve as a
natural nexus for the Fermilab SNAP group’s strong interests in the galaxy shape measurements
needed for weak lensing and in the statistics of evolving galaxy populations.
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Fig. 12.— Shapelet modeling of a selection of HDF I-band galaxies. Higher S/N galaxies typically
require more shapelet coefficients and we display a variety of source galaxies, noting the number of
shapelet coefficients ny,.x required to reach a reconstruction with reduced X% = 1+410. In all cases,
the first column shows the original HDF image; the middle column shows the shapelet model; the
right column shows the residual. The image size and color scale is different for each row. (Massey
et al. 20034a)
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5. Wide Area Survey Design
5.1. Dark Energy Experiments: Supernovae, Cosmic Shear, and Clusters

Table 5 lists three complementary techniques that have been proposed for measuring dark
energy along with current or future facilities that might carry out the observations within the next
10 years. In this chapter we compare the merits of each technique and the strengths and weaknesses
of proposed experiments for making the necessary observations. The SNAP collaboration has
made an extensive and compelling case for supernovae (Perlmutter 2002a) and for the necessity
of a space-based supernova project to determine the dark energy equation of state w to ~ 5%
accuracy. Our emphasis here is on the two other probes: (i) weak lensing cosmic shear and (ii) the
abundance of galaxy clusters as a function of mass and redshift. These methods are independent of
the supernovae, subject to completely different systematic errors, and can thus provide important
cross-checks on the supernova results. In addition, these methods provide constraints in the §2,,-w
plane that are nearly orthogonal to the supernovae constraints; as a result, combining them with
the supernova measurements helps break cosmological parameter degeneracies and leads to more
precise parameter determinations than either can achieve on its own (See figure 13.).

Cosmic shear and cluster counting can in principle yield dark energy constraints comparable
to or stronger than those achievable with supernovae. On the other hand, both methods rely on
the cold dark matter paradigm for large-scale structure formation and are therefore sensitive to a
larger number of cosmological parameters (e.g., the scale-dependence of the initial matter power
spectrum, the neutrino mass, etc) as well as an understanding of gravitational instability in the
non-linear regime. Despite the continuing challenge of modeling all the details of galaxy formation
in depth, this structure formation paradigm has been tested in a number of ways and appears robust
enough to be used as a tool for probing cosmology. Moreover, independent experiments, particu-
larly measurements of the cosmic microwave background anisotropy from WMAP and Planck, will
substantially reduce the uncertainties in these other cosmological parameters and therefore reduce
the marginal uncertainties in the weak lensing and cluster probes of dark energy.

Supernovae— Supernovae provided the first direct evidence for dark energy, and the proposed
SNAP mission is designed to exploit the full potential of SNe Ia as precision probes of the dark
energy. It will do this by achieving unprecedented control of the sources of systematic error and by
amassing a large sample of SNe at redshifts 0.5 < z < 1.7, where the dark energy leverage is largest
(see Fig. 1). The goal of detecting and following up thousands of supernovae over this redshift
range largely determines the survey area of 16 square degrees, the 2-meter telescope aperture, the
number of optical and infrared filters needed, and the field of view of the imaging camera, shown
in Fig. 14. Before SNAP flies, a number of large ground-based supernova surveys, many of them
begun in recent months, will achieve improvements over the current w constraints by measuring
light-curves for hundreds of SNe ITa at redshifts z < 0.8. In addition, the ACS/Goods survey with
the Hubble Space Telescope (HST) will enlarge the sample of supernovae at redshifts z > 1. There
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Fig. 13.— A plot (taken from Levine et al. (2002)) showing the idealized CMB constraints from
WMAP and Planck (the inner and outer dashed lines, respectively), idealized SN constraints using
200 and 400 supernovae from a ground and space based experiment (outer and inner dot-dashed
lines, respectively), and idealized constraints from a 1000 sq-degree x-ray based cluster counting
experiment reaching z = 1.2 ( the solid line). The solid region shows what one can do by performing
joint constraints.
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are, furthermore, initiatives to dedicate some fraction of the Hubble Space Telescope observing time
to a supernova program * which if carried out could be quite powerful. However, the limitation to
relatively ‘low’ redshifts from the ground, to optical (as opposed to near infrared (NIR)) observing,
and the practical limits on photometric accuracy achievable from ground-based observatories (and
HST) will leave room for substantial improvement in the determination of w and especially its
time dependence w. There is now broad consensus that a space-based observatory with long-term
stability and NIR capability is necessary to reliably probe the z > 1 regime and therefore precisely
constrain the dark energy (e.g., the Turner Panel report (Turner 2003)).

Cluster counting— To probe the dark energy, both cluster counting and weak lensing require a
different combination of depth of exposure and area on the sky—and thus a different survey—from
the supernovae. For fixed survey depth, the precision on w for these methods scales approximately
as \/E, where fg, is the fraction of sky covered in the survey. The cosmological precision
therefore scales as the square root of the total survey duration. If instead one fixes the survey area,
the precision on dark energy increases relatively slowly with survey depth (limiting magnitude)
and therefore scales more slowly than v/£. As a result, for fixed survey duration, going wide is in
general more efficient than going deep in order to probe cosmological parameters. This is obviously
a gross oversimplification—other mitigating factors such as systematic errors generally lead to a
floor on the survey depth below which these scaling arguments break down, and the incremental
gains in dark energy precision for very wide area surveys (say, with fs, > 0.1) are small (Levine
et al. 2002). For example, although the SDSS will cover roughly 20% of the sky, it does not reach
sufficient depth to implement the cluster and weak lensing probes of dark energy.

Clusters of galaxies are the largest bound structures in the universe, and their distribution and
numbers are closely connected to cosmology.

Cluster counting may be done in x-ray, optical, and submillimeter bandpasses. The x-ray
and submillimeter techniques rely on the presence of T' ~ 108 K gas in the gravitational potential
wells of clusters. This gas emits x-rays via thermal bremsstrahlung; in the submillimeter, the
Sunyaev-Zeldovich (SZ) effect—the Compton upscattering of CMB photons by the hot intracluster
electrons—is detectable as a deficit in the CMB intensity at low frequencies. There are on-going
efforts to pursue dark energy probes using both techniques. The DUET X-ray satellite mission
has been (unsuccessfully) proposed to NASA in the past and will likely be revived in the future.
Using the SZ effect, a number of groups are carrying out pilot cluster surveys over small areas of
sky. In the next several years, these will be augmented by larger dedicated facilities (e.g., SZA
and APEX); toward the end of this decade, a wide area (~ 4000 square degrees) SZ survey will be
carried out with the 8-meter South Pole Telescope and possibly with the ACT in Chile. In order
to be useful as dark energy probes, the SZ and X-ray cluster surveys will require extensive optical

4See, for example, Space Telescope Science Institutes’ report on the Scientific Case for an Extended HST Mission:
http://www.stsci.edu/resources/smbrevise.pdf
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counterpart surveys to measure the redshifts of the clusters. Either the proposed Large Synoptic
Survey Telescope (LSST), if sited in Chile, or a visible camera for ESO’s 4-meter VISTA telescope
(under construction) could provide the necessary optical, multi-band data for photometric redshifts.
LSST would be a 6-8 meter telescope with a large optical camera covering a very wide field of view,
very efficient for rapid sky surveys covering large fractions of the sky. °

Either LSST or VISTA could also be used in a cluster counting experiment pursued using
optical cluster detection techniques, as described below for SNAP. They could also measure the
cosmic shear weak lensing signal at moderate depth.

Table 5 shows the three main classes of dark energy probes and the experiments that aim to
make the measurements. It is worth noting that only SNAP will be able to make measurements in
all three classes.

Weak lensing— The distribution of matter in the universe is also closely connected to cosmology,
in a manner very similar to clusters. Weak lensing of background galaxies by foreground large scale
structure provides a (statistical) means to study the distribution of mass, rather than galaxies.

The LSST in particular is partially aimed at a 1000 square degree deep survey to use weak
lensing to measure the matter power spectrum. Other programs such as the recently begun CFHT
Legacy Survey aim at smaller sky areas but will be done before the end of the decade. LSST, at
the end of a 10 year program, will also have a shallower fg, = 0.33 survey that could be used in
an optical cluster counting experiment.

5.2. Ground-based vs. Space-based Wide Field Surveys

As noted above, it has been shown that a space-based mission is critical for obtaining reliable
measurements of high-redshift (z > 1) supernovae and thereby probing the dark energy. It is clear
that a wide field survey from space is also useful for studying the dark energy via weak lensing and
cluster counts, but is it necessary? This issue has been summarized in recent papers by Rhodes et
al. (2003) and Massey et al. (2003b) and in more technical detail by Bernstein (2002).

Weak lensing from space—  The weak lensing cosmic shear signal, which requires precise
measurement of the shapes of millions of faint galaxies, is intrinsically small (typically of order 1%
rms shear) and notoriously difficult to measure. The ground-based measurements of cosmic shear
carried out to date all show evidence of residual systematic errors (after correcting for much larger
systematic errors, typically of order 10% rms ‘shear’, in the raw data) at a level comparable to the

% Assuming it is funded, the first light for LSST is currently scheduled for 2012. The first light for the VISTA
telescope is scheduled for 2006, although funding is not yet in hand for an optical camera.
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measured signal. A number of systematic effects can induce an apparent shearing or smearing of
galaxy images: differential atmospheric refraction, wind shaking the telescope, temperature changes
in the instrument and telescope optics, inaccurate telescope guiding, etc. To correct for these effects,
one must measure the shapes and apparent sizes of stars (the point spread function or PSF) in the
same area of sky. Since stellar images are subject to the same systematic effects, one can in a sense
transform the images to make the stars round and thus correct the systematic effects on the galaxy
images. Since the density of stars on the sky is finite, and the instrumental smearing is time- and
position-dependent due to constantly changing atmospheric, thermal, and mechanical conditions,
there is a limit to how well this ‘PSF correction’ procedure can work from the ground. In addition,
the overall blurring of images due to atmospheric turbulence (called ‘seeing’) limits the resolution
and makes it problematic to accurately measure and correct the shapes of small, faint galaxies.

As a result, weak lensing measurements put a premium on having high spatial resolution and a
stable environment for the telescope and instruments. Both of these requirements argue for space-
based observations: (i) without the blurring effect of the atmosphere, space-based resolution is set
by the telescope size and pixel dimensions; SNAP will have 0.15 arcsecond resolution compared to
0.5 arcsec seeing at the best ground-based sites, so it will be able to measure shapes for a larger
fraction of faint galaxies; (ii) SNAP’s orbit is designed to provide a very stable thermal environment,
which means the PSF should be much more stable than can be achieved from the ground—this
will substantially reduce systematic errors associated with the time-varying smearing of stars seen
from the ground. Detailed studies by Rhodes et al. (2003) of the SNAP PSF, based on mechanical
design of the telescope, indicate that it should be sufficiently stable so that residual systematics in
the shear measurements will be under control.

Additionally, space provides access to the near-infrared. To study lenses at z ~ 1, you need
sources as distant as possible, like at z ~ 3. To get these high-z galaxies, you want to see the 4000
angstrom break. At z=3 this moves to 1.6um, just what SNAP can reach.

Cluster counting from space— To measure the cluster abundance, one needs to reliably
detect faint galaxies and determine their redshifts photometrically, using multi-band colors, to
high redshift. This requires deep near-infrared (in addition to optical) imaging which cannot be
done efficiently from the ground due to atmospheric absorption (over most IR wavelengths) and
night sky airglow (in the IR windows; space has a factor of 10 lower background). Ground-based
cluster surveys are therefore confined to lower redshifts, z < 1.2, and therefore have less leverage
in constraining w and especially its time dependence. On the other hand, with its optical and
NIR filters, SNAP can reach z = 2.4, and thus will have significantly higher sensitivity to the dark
energy.

Note that the advantages of space for both cosmic shear and cluster counting depend to a
significant degree on the depth of the survey. For shallow surveys, corresponding roughly to R < 25
and wavelengths bluer than 800 nm (Bernstein 2002), large ground-based telescopes such as the
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LSST can be more efficient at covering large areas of sky, provided the varying PSF residuals can be
brought under better control than they are at present facilities. In this regime, a large fraction of
the source galaxies can be resolved in conditions attainable at the best ground-based sites, and the
larger source galaxy sizes imply less sensitivity to the PSF. In addition, the lower median redshift of
a shallower survey means that a higher fraction of galaxy photometric redshifts can be determined
without IR imaging. However, shallower surveys have less sensitivity to w. have less sensitivity to
w.

In sum, the substantial advantages of a space-based observatory for supernova measurements—
better angular resolution, more stable environment, near IR capability, resulting in better sensitivity
to time evolution of w—carry over to the cosmic shear and cluster abundance probes as well.

5.3. Wide Field Survey Design Parameters

Given the desirability of carrying out these measurements from space, how does one design
a SNAP wide field survey to gain maximum dark energy leverage from cosmic shear and cluster
counts? Given the telescope and focal plane specifications laid out by the SNAP collaboration, and
given a fixed total amount of observing time for the wide survey, this issue comes down mainly to
studying trade-offs in survey area vs. depth; a secondary variable is the number of optical filters
needed to carry out these projects, along with their wavelength ranges.

In a series of three recent papers, the SNAP team has studied this issue with regard to cosmic
shear. They assumed a total allotment of five months for the wide area survey and an individual
frame exposure time of 500 sec set by current specified design limitations of the on-board data
storage and of the satellite telemetry. These exposures are repeated 4 times in order to reject
cosmic ray contamination, for a total exposure time of 2000 sec in each optical filter and 4000 sec
in each NIR filter. This leads to a 300 square degree survey in all 9 SNAP filters (6 optical and 3
NIR). Below, we lay out a number of survey options, including this current default option, in order
to see how the trade-offs in depth, area, and the number of filters used impact on the dark energy
reach of the shear and cluster probes. In particular, several of the options relax one or more of the
above assumptions: (i) we consider surveys of both 5- and 10-month durations, (ii) we assume that
modest data compression beyond that currently specified in the mission design can enable storage
of shorter (and therefore more) exposures if necessary (in order to survey larger total area), and
(iii) in some cases, we consider the possibility of only using 3 of the 6 optical filters on any given
point, which again allows larger area coverage in fixed survey time.

The eight survey options shown in Table 6 span a range of depths and survey areas—covering
survey areas from 300 to 2000 square degrees, with the larger areas generally having shorter ex-
posure times and consequently less depth. The motivation for this study was to see what gains in
dark energy constraints could be made by going to larger survey area at a cost of modest depth re-
duction. The philosophy was to design a wide field survey that could yield dark energy constraints
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comparable to or more stringent than the SNAP supernovae, while still remaining in the depth
regime (R > 25) that exploits the advantages of space. That philosophy led us to also consider the
10-month survey option: if that is what is needed to make these probes truly complementary in
strength to the supernovae, it should be considered. Generally, one is led to sacrifice depth in favor
of area: the statistical errors on the cosmic shear power spectrum and on the cluster abundance
both scale roughly as the inverse square root of the survey area. While increasing area implies less
depth, as noted above the scaling of the errors with survey limiting depth is less strong.

In estimating the survey parameters, we follow (Rhodes et al. 2003) etal in assuming 85% ob-
serving efficiency (due to downtime for data downloads, calibration exposures, and passage through
radiation belts). The area SNAP can survey in N, months through Ny optical filters, assuming
on-board data storage and transmission issues can be solved by compression, is

where t. is the single-frame exposure time, 20 sec is the design overhead for CCD readout and
telescope slewing between exposures, and Neyp, is the number of exposures in each optical filter per
field. We assume Neyp, > 4 in order to reject the cosmic ray background. For example, for 500 sec
exposures and a survey of 5 months, this yields a 300 sq. deg. survey. Note that the exposure time
in Table 6 is the total exposure time on a field.

We also consider strategies that do not employ all the filters to learn about tradeoffs of area
versus photo-z precision. Figure 14 shows the layout of the SNAP focal plane. The fiducial scan
strategy is to make 4 small dithers at each telescope pointing followed by a set of shifts equal to the
width of one of the optical filters until each source is covered by all 9 filters (8 times in each NIR
filter, 4 in each optical filter). The alternative ‘1/2’ strategy shifts over twice as far, so each object
is covered in only 3 of the optical filters. Because of the CCD layout, this results in a checkerboard
pattern of optical coverage. This will result in reduced precision in photometric redshifts.

The strongest option developing from our study is a 1000 sq-degree survey consuming 10
months of telescope time to a depth just 0.3 magnitudes brighter than the default 300 sq-degree
survey. This option is designated “fidicual” and is number V in our matrix.
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Dark Energy Techniques and Experiments

Supernovae

Galaxy Clusters

Weak Lensing

(Direct, self-contained)

(Indirect, must combine
with other experiments)

(Indirect, must combine
with other experiments)

SNAP
(Space)

HST/Keck
(Space/Ground)

CFHT/CTIO/Magellan/...

(Ground)

SNAP
(Space)

LSST
(Ground)

DUET (X-rays)
(Space)

SPT (Sunyaev-Zel’dovich)
(Ground)

SNAP
(Space)

LSST
(Ground)

Fig. 14— SNAP focal plane, showing the layout of the optical and infrared arrays. There are 4

identical detector mosaics. Each mosaic contains 9 optical CCDs and 9 NIR imagers. Each optical

CCD is covered by a 2 x 2 grid of filters. Each infrared array is covered by a single filter.
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Table 6. Wide Field Survey Parameters

Name Area Survey Time  Exp. Time Flux Limit (I4ag)  Nsource

I (Default) 300 5 2000 26.5 100
1I 300 10 4000 26.9 150

111 600 5! 960 26.1 60

v 600 10 2000 26.5 100

V (Fiducial) 1000 10 1170 26.2 70
VI 600 (1/2) 5 2000 26.5 100

VII 1200 (1/2) 10 2000 26.5 100
VIII 2000 (1/2) 10 1170 26.2 70

Note. — Columns are: survey name for text reference, survey area in square degrees,

survey time in months, total exposure time in each optical band in seconds, 100 galaxy
flux limit in /-band (using AB magnitudes), source galaxy number per square arcmin
(estimated number useable for weak lensing—the number useable for photometric redshifts
is generally comparable). The lower 3 choices assume only half the optical passbands are
observed for each object; this requires less survey time per unit area, but at the cost of
somewhat reduced photometric redshift accuracy. In all cases, 85% observing efficiency
(due to data downloads, calibration, etc) is assumed (Rhodes et al. 2003). Last 2 columns
are estimated from Massey et al. 2003. From the shallowest (III) to the deepest (II),
the mean source galaxy redshift only varies from about 1.16 to 1.3. For reference, the
total co-added exposure time per optical filter in the SNAP Deep (Supernova) Survey is
estimated to be 144,000 sec.
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6. Summary

Supernovae provide the leading probe of dark energy, and the SNAP collaboration has made the
case for SNAP being the leading dark energy experiment. Our emphasis is on strengthening SNAP’s
capability using two other probes: (i) weak lensing cosmic shear and (ii) the abundance of galaxy
clusters as a function of mass and redshift. These methods are independent of the supernovae,
subject to completely different systematic errors, and can thus provide important checks on the
supernova results on w.

Our analysis of design options suggest that a 10 month/1000 sq-degree survey option is nearly
optimally matched to the supernova mission, yielding dark energy constraints of comparable or
greater statistical precision to the SNAP supernovae, while still remaining in the depth regime that
exploits the advantages of space. The trade off is to sacrifice depth in favor of area: the statistical
errors on the cosmic shear power spectrum and on the cluster abundance both scale roughly as the
inverse square root of the survey area. While increasing area implies less depth, the scaling of the
errors with survey limiting depth is less strong.

For cluster counting, it appears that a 1000 sq-degree survey would provide a constraint on
w of 0.05, comparable to the supernovae constraint. The data includes means to self-calibrate by
using the weak lensing signal of stacked clusters even at the lowest masses and out to z = 2.4.
Likewise for weak lensing measurements of the matter power spectrum, and if we conservatively
discount weak lensing information on the smallest scales because of theoretical uncertainties and
restrict ourself to linear scales where the shape-noise is small compared to the sample variance, one
is lead again to increase the area for greater statistical accuracy. Robust constraints on w of 0.05
result from a 1000 sq-degree survey. A wide-field imaging survey telescope in space would also be
an unprecedentedly powerful tool for studying populations galaxies and quasars at high redshifts
and faint magnitudes, as well as for constraining models for the formation and evolution of these
objects. We are specifically interested in the clustering properties of galaxies and and dark matter
and the redshift evolution of galaxy populations.

A 1000 sg-degree survey will probably have requirements that differ from the baseline SNAP
mission. For example, such a survey will require a larger data rate and overall data volume than
currently envisioned for the mission, and the science of using galaxies for cosmology requires so-
phisticated algorithms for the measurement of the interesting quantities. Fermilab has begin a
program of research aimed at understanding what is required here: we are filling out the design
matrix, we are exploring the hardware of on-board storage and data compression, the hardware of
a cosmic ray shield to lower the cosmic ray background, the software of the coadded and of the
galaxy detection and measurement, and of course of the science of the measurements.

The Fermilab group is driven by the scientific goal of uncovering the nature of the dark energy.
The means to do so include cluster counting and weak lensing as well as the supernovae methods.
We are interested in all, but are we are particularly excited by the prospects for a space based wide
area sky survey.
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